␥-alumina transforms to -alumina and finally to ␣-alumina in the sequence of thermal dehydration of boehmite. We report a detailed theoretical investigation of the ␥-to -alumina transformation based on firstprinciples density-functional calculations. Although the unit cells of cubic ␥-alumina and monoclinic -alumina look quite different, we have identified cells for both the polytypes ͑with the composition Al 16 O 24 ) that look very similar and can be continuously transformed one to another. The transformation may be described by a set of aluminum atom migrations between different interstitials while the oxygen atoms remain fixed. Total-energy calculations along the paths of the atomic migrations have been used to map out possible transformation pathways. The calculated conversion rate accurately predicts the experimentally measured transformation temperature. The deduced orientation relationships between the ␥-and -alumina forms also agree with experimental observations. The formation of several different interfaces observed in domain boundaries of -alumina may correspond to different migration paths of the aluminum atoms in neighboring domains during the ␥-to -alumina phase transition.
I. INTRODUCTION
␥-alumina is an extremely important material in catalysis because of its porous structure with fine particle size, high surface area, and high catalytic surface activity. This material is widely used as a catalyst, an adsorbent, and as a support for industrial catalysts in hydrocarbon conversion [1] [2] [3] [4] [5] ͑petro-leum refining͒, alcohol dehydration, [6] [7] [8] the oxidation of organics, [9] [10] [11] the catalytic reduction of automotive pollutants such as nitric oxide (NO x ), and the oxidation of carbon monoxide ͑CO͒ and hydrocarbons. [12] [13] [14] The broad technological importance of alumina has stimulated many investigations of its physical and chemical properties ͑see, e.g., Refs. 1-20͒.
Normally, ␥-alumina is derived by thermal dehydration of aluminum hydroxide precursors. A typical and well-known sequence of dehydration reactions starts from boehmite ͑␥-AlOOH͒ and ends with hexagonal ␣-alumina, boehmite→␥→␦→→␣.
␥-alumina is an intermediate product of this sequence of reactions and is metastable. At elevated temperatures ͑1000-1100°C͒, undoped ␥-alumina transforms rapidly to the more thermodynamically stable ␣-alumina phase. This process is accompanied by a catastrophic loss of porosity via sintering, and this fact negatively impacts the durability of ␥-alumina when employed as a catalytic material. Stabilization of ␥-alumina, therefore, is an extremely important industrial and commercial problem. Clearly, an understanding of the microscopic steps that comprise the mechanisms of the polymorphic phase transformations would be helpful in developing improved porous materials that could operate as catalysts at high temperatures without transforming to the less porous and ␣ forms. Although many experimental and theoretical investigations have been carried out to understand the catalytic properties of ␥-alumina, heretofore the nature of the phase transformations in alumina has been very poorly understood, mostly because of poorly developed crystallinity in these materials. 15 Furthermore, the continuous nature of the transformations between the forms during heating has made it difficult to probe such fine and irregular structures by traditional analytical techniques. Though high-resolution electron microscopy can reveal the crystallographic relations between the phases and provide clues to the transformation mechanisms, only a few high-resolution microscopy studies of the polymorphic phase transitions in alumina have been reported so far, [19] [20] [21] [22] [23] and the mechanisms of these transformations are still unclear. Therefore, theoretical investigations of the phase transitions in these materials that explain experimental phenomena would be very helpful.
In a recent paper 24 we demonstrated how the phase transition between ␥-and -alumina may be investigated by using first-principles calculations and redefined unit cells. To the best of our knowledge, there was only one previous theoretical work related to the ␥-to -alumina transformation, which was reported by Levin and co-workers. 16, 23 They were trying to elucidate possible transformation paths using symmetry relationships and proposed a sequence of intermediate structures with different space groups that characterize the phase transition. They concluded that only aluminum atoms are reordered in such a transformation. Here we present a detailed atomistic description of the transformation from ␥-to -alumina. The mechanism described here predicts correctly the observed orientation relationship between ␥-and -alumina, and naturally explains the origin of observed interfaces in domain boundaries in -alumina. The calculated rate of the thermal conversion between the two structures based on the proposed transformation mechanism is in an excellent agreement with the well-established experimental value.
The paper is organized as follows. In Sec. II we describe our computational approach in detail. Section III contains the description of the main calculations and results as well as a comparison of some predicted properties with the available experimental results. The central conclusions are summarized in Sec. IV.
II. COMPUTATIONAL METHOD
The theoretical results are based on density functional theory 25 calculations employing the PW91 generalized gradient approximation ͑GGA͒ to the exchange-correlation energy, 26, 27 as described in the review by Payne et al. 28 and coded in CASTEP. The electron-ion interactions were described by ultrasoft pseudopotentials. 29 We used a plane wave basis set with a cutoff energy of 380 eV to construct the ͑valence͒ electronic wave functions. A number of test calculations indicated that 380 eV is sufficient to obtain convergence in both the total energy differences and the geometries for the investigated systems. Integrations over the Brillouin zone employed a grid of k-points with a spacing of 0.1/Å chosen according to the Monkhorst-Pack scheme. 30 Geometry optimization was considered to be converged when the difference of total energies between the last iterations did not exceed 2.0ϫ10
Ϫ5 eV/atom, and the rms ͑root mean square͒ displacement of atoms, the rms force on atoms, and the rms of the stress tensor were not higher than 1.0 ϫ10 Ϫ3 Å, 5.0ϫ10 Ϫ2 eV/Å, and 1.0ϫ10 Ϫ1 Gpa, respectively. Vibrational frequencies of Al atoms were estimated in the harmonic approximation by diagonalizing the massweighted Cartesian force constant matrix for small displacements of the atom in question. 31 The Cartesian force constants were calculated numerically from the second derivatives of the total energy E of the investigated configuration as follows:
͑2͒
where x and y are arbitrary independent Cartesian nuclear coordinates. The step size for the numerical differentiation was taken as ⌬xϭ⌬yϭ0.01 Å. The symmetry of the force constant matrix results in the requirement of sampling the total energy at 19 geometries. The theory and computational approach employed to determine the kinetics of aluminum migration in the bulk of alumina will be described in Sec. III.
III. RESULTS AND DISCUSSION
A. ␥-alumina ␥-alumina has been described as a defect spinel structure ͑space group Fd 3 m). 18,36 -41 whereas other studies supported the opposite conclusion. 18, 35, 40, [42] [43] [44] [45] [46] There are also reports that suggest that Al can also occupy nonspinel sites. 34,46,47 27 Al NMR experiments show that 70Ϯ2% of aluminum cations occupy octahedral interstitial sites, 48 in agreement with the value of 75Ϯ4% reported earlier by John et al. in elegant temperature dependent experiments. 49 In practice, the vacancies are distributed in different sites of the cation sublattice. In this study, we assume that Al cations are distributed in 16d and 8a sites.
In order to investigate ␥-alumina theoretically, one needs a unit cell with an integer number of vacancies and integer number of primitive formula units. Starting from a defectfree cubic spinel structure (AB 2 O 4 ), there are multiple ways to construct a ␥-alumina cell satisfying the above requirements. Here we define a unit cell Al 18 Fig. 2 , the energy increases with decreasing distance between the two vacancy sites, i.e., the lower energy states correspond to the more widely separated vacancies, in agreement with the conclusion of Wolverton and Hass. 18, 41 The slightly lower energy of the configuration with vacancies on sites 1,6 compared to that of sites 2,6 is due to more significant relaxation for atoms near vacancies. The energy difference between the optimized lowest and highest energy configurations is 0.55 eV/Al 2 O 3 , in reasonably good agreement with 0.33 eV/Al 2 O 3 reported earlier from calculations using a similar computational method. 18 Small deviations of this value may arise from different geometries of the cells used in the calculations. The energy of the lowest energy configuration with two O h vacancies (␥ N ϪO h ) is 0.20 eV/Al 2 O 3 lower than the lowest energy configuration with two T d vacancies (␥ N ϪT d ), agreeing well with 0.24 eV/Al 2 O 3 reported earlier. 41 The vacancies of ␥ N ϪO h locate on the ͕11 1 ͖ ␥ N ͑i.e. ͕110͖ ␥ ) planes, in agreement with both the high resolution electron microscopy ͑HREM͒ observations 44, 45 and theoretical calculations.
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B.
-alumina -alumina is one of the few aluminas with well-known structure. It is reported to possess a monoclinic symmetry with the space group C2/m. There are 20 ions ͑four formula units͒ per unit cell with all of the ions located at 4i Wyckoff positions. 34, 35, 50, 51 The aluminum cations occupy four octahedral and four tetrahedral interstitials of the oxygen sublattice. Starting from the structure reported by Zhou et al., 34 the total energy of optimized -alumina is 0.15-0.70 eV/Al 2 O 3 lower than that of ␥-alumina with pure T d or O h vacancies, depending on which vacancy distribution is assumed for ␥-alumina ͑Table I͒.
C. Models of -alumina constructed from ␥-alumina
Although ␥-and -alumina have quite different structures ͑cubic and monoclinic symmetry, respectively͒, both of their oxygen anion sublattices are fcc, with aluminum cations occupying a portion of the available octahedral and tetrahedral interstices. Naturally, it is supposed that the phase transition of ␥-to -alumina occurs by the migration of aluminum cations between the O h /T d interstitial sites available in the oxygen anion sublattice, which does not change appreciably during the ␥-to -alumina transformation. 16 Examining the structure carefully, we found that its primitive unit cell can be doubled to a cell with a shape very similar to that of ␥ N ͓cell N , Fig. 1͑b͔͒ by using new unit vectors Table II . Other experimental values are also converted according to the same relationships and listed in Table  II for Scheme A: Keep two 8a and six 16d aluminum atoms at their original positions ͑assuming that there are no vacancies in these sites͒, and move the remaining eight aluminum atoms to two 16c and six 48f sites ͓below we refer the product of this scheme as model A; see Fig. 3͑a͔͒ .
Scheme B: Keep two 16d aluminum atoms. All the 14 other aluminum atoms move to six 16c, two 8b and six 48f sites ͓below we refer the product of this scheme as model B; see Fig. 3͑b͔͒ .
Ignoring the slight distortion of the oxygen sublattice, the models A and B are translationally equivalent, with the translation vector Rϭc ␥ N /2 ͑Fig. 3͒. Each of the models A and B can be constructed in three equivalent ways. The three variants of the model A ͑or B͒ can be approximately ͑owing to the slight distortion of oxygen sublattice͒ generated from one of them by applying translation with the vectors Rϭa ␥ N /6 Ϫb ␥ N /6ϩc ␥ N /3 and Rϭa ␥ N /3ϩb ␥ N /6ϩ2c ␥ N /3. If the fractional coordinate of the oxygen anions in ␥-alumina is taken to be 0.375 instead of the practical value 0.387, 33 the resulting models can be simplified to Al 8 O 12 with structure similar to -alumina reported experimentally (aЈϭ12.202 Å, bЈϭ2.799 Å, cЈϭ5.599 Å, ␣Јϭ␥Јϭ90°, ␤Јϭ103.26°). Based on the relationship of lattice axes between the ␥ N -alumina and ␥-alumina unit cells, the orientation relations between the ␥-alumina and the -alumina models ͑no matter simplified or not͒ can be deduced to be ͓010͔ ʈ ͓01 1͔ ␥ and (100) ʈ (100) ␥ . According to the lattice symmetry, they are exactly equivalent to the experimental results of ͓010͔ ʈ ͓110͔ ␥ and (100) ʈ (001) ␥ . 16, 23 First-principles total-energy calculations and full geometry optimizations have been carried out for the two models described above and the experimental -alumina structure. 34 The geometric parameters and the related total energies are listed in Table II . Upon optimization, the two model structures and the experimental structure yield essentially identical structures. The cell parameters differ by less than 1%, and are consistent with earlier theoretical calculations. 18, 52 Energy differences are within 0.002 eV/Al 2 O 3 . The symmetries of the optimized structures of the two models and the experimental -alumina structure are all C2/m within the limits of accuracy of the calculations. Average Al-O bond lengths are also very similar. ͑See Table  II .͒ In general, all of these results indicate that the model structures considered above are equivalent to the experimental -alumina structure within the accuracy of the optimization procedure.
D. Transformation mechanism
Five possible nonequivalent fundamental steps exist for the migration of an Al cation in ␥-alumina from its original interstitial site to a neighboring interstitial to form -alumina: ͑i͒ 8a to 16c, ͑ii͒ 16d to 48f , ͑iii͒ 8a to 48f ͑iv͒ 16d to 16c, and ͑v͒ 16d to 8b ͑only for the scheme B͒. According to Fd 3 m symmetry, a 16c interstice has two nearest neighboring 8a sites. Every 48f site has one 8a and two 16d nearest neighbors. An 8b site has four adjacent 16d sites. Therefore, there are two, three, and four strong Al-Al repulsive interactions due to short Al-Al distance ͑shorter than 2.0 Å, hereafter called an Al-Al bond͒ for an aluminum atom in a 16c, 48f and 8b site, respectively, when no cation vacancies exist nearby. In order to describe the overall phase transformation, we begin with calculations of intermediate configurations based on the motion of individual Al atoms. We then calculate the barriers of the individual steps and make some predictions for the kinetics of the phase transformation. First, let us consider the migration of one aluminum atom. The energy difference between the states before and after an aluminum moves depends on the initial and final positions of the moving atom as well as on the proximity of vacancies. The latter factor not only determines whether ͑and how many͒ strongly repulsive Al-Al bonds will be formed, but also the strength of the Al-O bonds that are broken and/or formed. Since the distribution of cation vacancies is uncertain, 18 here we consider three situations: ͑I͒ No 8a/16d vacancies exist near the initial and final positions of the moving atom, i.e., all the oxygen atoms bound to the migrating aluminum atom and around the destination are four coordinated before the Al migration, and as many Al-Al bonds are formed as possible after the motion occurs. In this case, the influence of vacancies on the migration process can be ignored. ͑II͒ One 8a/16d vacancy is located near the destination of the moving atom thereby avoiding a stronger Al-Al repulsive interaction. The other vacancy is put far away from the initial and final positions of the moving atom so that its influence can be ignored. ͑III͒ Two 8a/16d vacancies are located in the vicinity of the final position of the moving atom so that one more Al-Al bond can be eliminated. In all the cases, the vacancies are all assigned to the sites unoccupied in model A ͑or B for the migration to 8b site͒. The calculated energies with the initial and final positions of migrating atoms, and the locations of vacancies are listed in Table III. To estimate the different energy variations in the numerous different cases, total energy calculations without structural relaxation were first carried out. The results show that the energy differences are all very large due to strong Al-Al repulsive interactions when no vacancies are around the destination. The energy differences decrease when the number of Al-Al bonds decreases. In case ͑III͒, some of the energy differences are negative, i.e., the final states are more stable than the initial ones. Thermodynamically spontaneous relaxation may occur in such cases. Based on these results, full optimization was performed for cases ͑II͒ and ͑III͒. In case ͑III͒, we find barrier-free relaxation of the 8a Al to the 16c site for the initial configuration of 8a to 16c, similar to the result reported by Wolverton and Hass. 18 For the initial state of 16d to 48f , the 8a Al close to two vacancies goes toward a 16c site ͑deviation from 16c site is 0.58 Å͒ after relaxation. The movement of an Al atom leads to the production of a new vacancy, which in turn gives rise to the migration of another Al atom, such as the cases of the final states of 8a to 48f and 16d to 16c. For 8a to 48f , the energy decrease reported with frozen structure is about 0.094 eV/Al 2 O 3 , 18 which is close to our 0.48 eV/Al 16 O 24 . This spontaneous relaxation may be the reason for the occupation of non-spinel sites found in some x-ray and neutron refinements of ␥-and -alumina. 34, 46, 47 For those structures without great change during geometry optimization, the strong Al-Al repulsive interactions also push Al atoms apart from each other in the relaxed structures, thus decreasing the energy ͓e.g., 16d to 8b in case ͑III͒, and 8a to 16c and 16d to 48f in case ͑II͔͒. In case ͑I͒, the aluminum atoms in 48f sites move back to a 16d site after geometry optimization of the final state of 16d to 48f . While for case ͑II͒, the 48f Al tends to return to 8a site ͑0.75 Å from 8a) for the final state of 8a to 48f ; 16c Al relaxes to a 8a site for the final state of 16d to 16c, and 8b Al relaxes to a 16d site for the final state of 16d to 8b due to the repulsion of the nearby Al atom.
Case ͑III͒ appears to provide the easiest route for aluminum migration, some steps of which may even happen spontaneously. As shown in Table I , however, there is an Al vacancy ordering tendency with widely separated vacancies being lower in energy than near-neighboring vacancies. 18 Although the distribution of vacancies is practically determined by the process of thermal treatment, the energetic preference for widely separated vacancies renders the occurrence of two Al-vacancies located close to each other statistically improbable in a stable ␥ phase. Furthermore, more than two vacancies per ␥ N cell are required if the transformation of ␥-to -alumina is completely due to case ͑III͒, which is inconsistent with the stoichiometry. Therefore, the transformation of ␥-to -alumina most probably starts from the migration of aluminum atoms with one vacancy nearby ͓case ͑II͔͒.
As the energy cost of moving atoms depends on the locations of vacancies and the destinations, we took the lowest energy configuration ␥ N ϪO h ͑vacancy sites: 2 and 7͒ as a start, and moved Al atoms to their destinations one by one to determine the lowest-energy intermediate states of scheme A. First, we tried moving each Al atom whose movement is required for the full transformation ͑atoms 1, 6, 8, 9, 15, 16, 17 , and 18͒ to all of its possible destinations (16c or 48f ͒.
From the energy differences between the initial and final configurations, we selected the lowest energy intermediate state. From this new state we continued the transformation by identifying the lowest energy displacement of a new Al atom until the model A structure was obtained. Total energy calculations were carried out first to identify the possible intermediate candidates at each step. Their structural parameters were then optimized except the lattice parameters ͑full relaxation gave similar results͒. The lowest energy sequence to complete the ␥-to -alumina transformation was found to be six steps: ͑1͒ 6→3A, ͑2͒ 9→6A, ͑3͒ 16→4A, ͑4͒ 15 →7A, ͑5͒ 1→2A, and ͑6͒ 18→1A. 17→8A and 8→5A were accomplished spontaneously accompanying the sixth step ͑Fig. 4͒. The calculated energies of intermediate states relative to ␥ N ϪO h are indicated in Fig. 5 .
On the basis of the above transformation sequence, we searched for the transition states between adjacent intermediates by successively fixing the position of the migrating atom and one of the atoms far away from it and relaxing all other atoms. ͑The second atom was chosen to be an atom that does not appreciably change its position in the initial and final intermediates. This prevents ''sliding'' of the entire unit cell.͒ The results are shown in Fig. 5. Step ͑4͒ is the ratecontrolling step as its precursor is the highest energy intermediate with the highest energy peak to surmount.
As is the case in any chemical process involving a succession of increasingly energetic intermediates, the relative populations of the intermediates that precede the ratecontrolling barrier depend on the temperature. As the temperature is increased, successively higher energy intermediates become populated. At sufficiently high temperature, the highest energy intermediate achieves appreciable population and formation of the product begins at a rate controlled by the barrier.
There are three factors that determine the rate at which a step takes place: the frequency with which reactant approaches the top of the barrier ͑transition state͒, the population of the reactant, and the probability that the reactant has sufficient energy to surmount the barrier. The rate is then given by
where is the vibrational frequency corresponding to small oscillations around the equilibrium of the reactant structure, f is the population of the reactant, and (EϾ⌬E) is the probability that the system has an energy greater than ⌬E. The harmonic vibrational frequencies of the intermediate precursor to step ͑4͒ were calculated to be 2981, 3521, and 3839 cm
Ϫ1
. Therefore, 3000 cm Ϫ1 was used to estimate the reaction rate of step ͑4͒. ͑The overall rate depends only linearly on but exponentially on ⌬E, so small errors in the frequency have little impact on the predicted rate.͒ The probability (EϾ⌬E) can be derived from the Boltzmann distribution. The Boltzmann distribution expresses the fraction of the number of particles ͑N͒ with energy E relative to the number of particles (N 0 ) with zero energy:
here k is the Boltzmann constant and T is the temperature. Normalizing this distribution so that
we obtain
Therefore, the probability (EϾ⌬E) can be obtained from the integration of the above expression at the desired temperature
This form of rate analysis is well known from the nuclear decay theory 53 and has been successfully applied to compute the kinetics of hydrogen mobility in aluminas. 54 For step ͑4͒, ⌬E is 0.39 eV.
Assuming that quasiequilibria among the reactant and intermediates that precede the rate-controlling step are achieved, one can employ the Boltzmann statistics to estimate the population of the intermediate precursor to the ratecontrolling step,
where E i is the energy of the species i. The summation covers all the species that precede step ͑4͒. A pseudo-first-order kinetic description was then applied to this six-step sequence. The temperature range of stability of the -alumina depends, among other factors, on the crystallinity of the initial material, on the presence of impurities, and on the thermal treatment procedure. Typically, it is about 1200-1300 K in the dehydration of boehmite. 15 The predicted rate for the key step iϭ4 at 1300 K is rϭ1.76ϫ10 Ϫ5 s Ϫ1 , implying that about 11 h are required for half of the reactants to surmount the barrier in the reaction step ͑4͒ ͓(1Ϫr) ϭ0.5͔. This reaction time is in excellent agreement with published experimental results ͑2-10 h͒. 22, 34, 50 Let us briefly consider the transformation scheme B. Table  III shows that the energy increase accompanying the migration of Al(16d) to an 8b site is much higher than those of Al(16d) to 48f or 16c sites, which makes scheme B energetically less favorable than the scheme A. Furthermore, 14 atoms need to be reordered to complete the ␥-to -alumina transformation by scheme B ͑instead of 8 atoms in the scheme A͒, rendering it statistically less probably as well. Therefore, for the same initial configuration, the transformation by the scheme B is much slower than the transformation by the scheme A. Of course, due to the statistical distributions of Al vacancies, numerous Al migration paths are possible, thus forming the variants of models A and B in different domains. This is consistent with the observed formation of twins and interfaces in -alumina.
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E. Formation of domain boundaries
Both translational and rotational domain boundaries have been observed experimentally. The observed translational interfaces are reported to correspond to the translation vectors Rϭc /2 and Rϭa /3. 22, 23 Based on above discussion, we see that the formation of translational interface with Rϭc /2 can be explained by ordering cations through schemes A and B respectively in neighboring domains ͓Fig. 6͑a͔͒. 23 However, the translational interface with Rϭa /3 seems to be incompletely identified. 23 According to the translational relationships between the variants of the models mentioned above, there are four other possible interfaces, with the vectors
, and c ␥ N ϭc , these relationships can be converted into Rϭa /6Ϫb /2ϩc /3, a /6Ϫb /2Ϫc /6, Rϭa /3ϩ2c /3, and Rϭa /3ϩc /6. Therefore, we suggest that the observed one is actually R ϭa /3ϩc /6, with the c /6 value too small to be observed ͑near resolution limits͒ ͓Fig. 6͑b͔͒. The rotational interface on the (001) ␥ planes can be obtained by the 180°rotation of the b ␥ N and c ␥ N axes around a ␥ N , i.e., a N
Ϫc ) in a neighboring domain ͓Fig. 6͑c͔͒. In such case the rotational interface is on (100) planes. Because (100) ʈ (100) ␥ in our models, the interface on (100) planes is equivalent to the interface on (100) ␥ planes. 23 The interface of the twinning structures reported by Wang et al. 22 actually includes both the rotational and translational components.
Levin and co-workers proposed a chain of maximal symmetry group/subgroup relation that connects the crystal structures of ␥-and -alumina to explain the transformation process. 16, 23 To introduce 3/2a ␥ for a lattice vector of -alumina, they suggested that the process must proceed through disordering of the ␥ form to a simple fcc structure with a ␥ reduced by 2, and subsequent reordering with a threefold increase of the lattice parameter. This means that all the O h ͑d and c͒ and T d ͑a, b, and f ͒ cation sites should first become equivalent as required by a fcc structure. Our study shows that 3/2a ␥ may be easily explained by the models constructed from the ␥ N cell. Although the a ␥ N ϭ(5/2) 1/2 a ␥ , a can be simplified to 3/2a ␥ if the small distortion of the oxygen sublattice is neglected. It is possible that the lattice symmetry becomes nominally Fm 3 m during the ␥-to -alumina transformation process by the scheme B, because of the large scale rearrangement on the Al sublattice and the involvement of 8b sites, but this restriction does not seem to be necessary in the domain where the transformation is achieved by scheme A, wherein the 8b sites are not involved.
IV. CONCLUSIONS
␥-alumina, a significant material in catalysis, transforms to -alumina at about 1200-1300 K. Although ␥-and -alumina have quite different primitive unit cells, both of the structures can be described using Al 16 O 24 unit cells that look very similar. This provides a clear framework for the investigation of the ␥-to -alumina transformation. We found that once some of the aluminum atoms in ␥-alumina move to specific neighboring interstitial sites, a close approximation of the -alumina structure is formed. Two different possible transformation schemes were proposed: scheme A, where eight aluminum atoms move from 16d/8a sites to two 16c and six 48f sites; scheme B, where fourteen aluminum atoms move from 16d/8a sites to six 16c, six 48f and two 8b sites. In both cases the oxygen sublattice remains essentially unchanged. The structures of the models are translationally equivalent and are equivalent to the experimental structure of the -polytype within the accuracy of the optimization. The orientation relationships between ␥-and -alumina suggested by these models agree with experimental observations.
Based on a comparison of the energy differences obtained from the first-principles calculations, the aluminum migration is proposed to take place first in the vicinity of cation vacancies to reduce the strong Al-Al interactions. As 8b sites are involved in scheme B, and Al atoms at 8b sites have one more strong Al-Al repulsive bond than those at 48f or 16c sites, scheme B is energetically less favorable than the scheme A. In addition, scheme B is statistically less probable, because six more Al atoms must be reordered in scheme B ͑than in the scheme A͒. Starting from the lowest energy configuration of ␥-alumina, the lowest energy pathway of the transformation by scheme A was mapped out. The estimated conversion rate based on the potential energy profile along this pathway accurately predicts the experimental transformation temperature. The experimentally observed translational and rotational interfaces in -alumina can be attributed to different aluminum migration paths ͑resulting in models A and B and their variants͒ in neighboring domains during the ␥-to -alumina transformation.
Our study not only explains well experimental observations, but also provides a detailed atomic-scale description of the phase transformation mechanism of ␥-alumina to -alumina. From this mechanism, it is anticipated that the occupation of other elements in the cation vacancy sites or available interstitials (48f , 16c, and 8b) would be helpful to improve the thermal stability of ␥-alumina at high temperatures which would greatly enhance its durability in catalytic applications. This is verified by the experiments which show that doping ␥-alumina with traces of sodium or lanthanum species can effectively retard the transition of ␥-alumina. 34, 55, 56 However, doping elements should be carefully selected. Not all kinds of dopants have the same effect. Other factors such as interaction between dopant and alumina may change the role of dopants. [57] [58] [59] For example, different mono-valent and divalent cations have different effect on the ␥-alumina transformation. 57, 58 Furthermore, to maintain the catalytic activity, the influence of dopants on the specific surface area of ␥-alumina should be considered. [55] [56] [57] [58] We anticipate that the atomic-scale description of the ␥-to -alumina transformation mechanism provided here will help target doping studies.
